The electronic structure of thin ((30 A) free-standing ideal films of Si(001), Si(110), and GaAs (110) is calculated using a plane-wave pseudopotential description. Unlike the expectation based on the simple efFective-mass model, we find the following. (i) The band gaps of (001) quantum films exhibit even-odd oscillation as a function of the number N of monolayers. (ii) In addition to sine-type envelope functions which vanish at the 61m boundaries, some states have cosine envelope functions with extrema at boundaries. (iii) Even-layer Si(001) films exhibit at the valence-band maximum a state whose energy does not vary with the film thickness. Such zero confinement states have constant envelope throughout the film. (iv) Optical transitions in films exhibit boundary-imposed selection rules. Furthermore, oscillator strengths for pseudodirect transitions in the vicinity of for bidden direct transitions can be enhanced by several orders of magnitude. These 6ndings, obtained in direct supercell calculations, can be explained in terms of a truncated crystal (TC) analysis. In this approach the film s wave functions are expanded in terms of pairs of bulk wave functions exhibiting a destructive interference at the boundaries. This maps the eigenvalue spectra of a film onto the bulk band structure evaluated at special k points which satisfy the boundary conditions. We find that the TC representation reproduces accurately the above-mentioned results of direct diagonalization of the film s Hamiltonian. This provides a simple alternative to the efFective-mass model and relates the properties of quantum structures to those of the bulk material.
I. INTRODUCTION
Quantum semiconductor structures ' are generally discussed in terms of three classes structures periodic in zero dimension (OD quantum boxes), those periodic in one dimension (1D quantum wires), and structures that are periodic in two dimensions (2D quantum wells). Relative to the 3D periodic bulk solids, these structures exhibit localization e8'ects in three, two, and one dimension, respectively. There is, however, another type of 2D periodic structure which is discussed less frequently, namely a free-standing quantum film. It can be characterized by its thickness L and layer orientation e. Unlike the conventional 2D periodic quantum structure, the quantum well, a film can exhibit a far stronger confining potential since all conduction and valence states that lie below the vacuum level experience a common potential well whose depth (&1 rydberg) equals the valence-band width plus the work function [ Fig. 1(a) ]. In contrast, states in a quantum well are confined just by the potential discontinuity for a particular band state which is generally of the order of 0.1 -1 eV [ Fig. 1(b) ]. Quantum film can hence be thought of as the limiting case of a semiconductor/insulator quantum well with a giant band ofFset. This paper deals with the electronic structure of semiconductor quantum films. To articulate the unexpected features of such systems relative to the standard model of quantum confinement, i.e. , e8'ective-mass particle-ina-box, ' we first summarize the basic assumptions and predictions of the standard model, as applied to films.
Consider a (001) = z oriented quantum film experiencing an infinite potential well outside z = 0 and z = I and the quasiperiodic potential U~"; a,,(r) (char- This approximation removes (a) the coupling between the band structure effects of the quasiperiodic potential and the confinement effects of the external potential (b) the microscopic (layer dependent) symmetry of the films.
(ii) The true bulk crystal eigenstates g "&ik(r) which satisfy ( 2 + + Vperiodic)g~, iI (r) = e~g 4'~, iI (r) "(r) = ) f, , i, i"(r) u, i"(r) (Ib) where e k, and m* k are the band edge energy and the effective mass of the nth band at ko, respectively.
Consistent with the decoupling in (i), the external potential is then permitted to modify the envelope function fi, i"(r) and its energy h (k -ko) /2m* &, but not u" i"(r) and e"i".
(iii) The film boundary problem then becomes a particle-in-an-empty-film problem. In the single band approximation the film's wave function is represented by a standing wave created by a destructive interference between two running waves of opposite directions, (k -ko) and [k 
(r) -u, k (r) [fk. -k (r) f[k -k,k"-k", - (k, -k, i] (r)]/2i = u" i"(r) e' " "'] + "" ""' "] sin(k, -k, ) z k -k p --k*= -j; j=1,2, 3, . . .
Note that the lowest index j is one, not zero. The more general quantization conditions for the particle-inan-empty-film problem at ko --0 are
Intervalley (e.g., I' and I) coupling is neglected. The boundary conditions on the film eigenstate g There are two purposes to this paper. First, we wish to find to what extent the EMA predictions (a) -(c) are real properties of semiconductor films, as opposed to being consequences of the EMA particle-in-a-box approximations (i) -(iv). To address this question we will establish the "exact solution" by directly diagonalizing the film Hamiltonian with the complete potential shown schematically in Fig. 2 Fig. 2(a) ]. The results of such direct diagonalizations will be described in the next section, where we find that the valence states of (001) B. Structure and symmetry of (001) and (110) films Equation (14) shows that the wave vectors k* entering the TC representation depend on the film's geometry through its layer orientation e and thickness L. Figure 5 illustrates the relation between the film's geometries and the bulk crystal structure shown in a cubic is determined by aligning V in the interior of the film with the same quantity calculated in bulk periodic Si (a procedure analogous to that used in determining heterojunction band offsets ' ). The work function 4 ( 4.9 eV) is then given by the distance of the VBM from the vacuum level. Since the I i"-I'25 valence-band width of Si is 12.6 eV, the total confining potential [ Fig. 1(a) ] is 12.6 + 4.9 = 17.5 eV. A similar plot of the averaged potential for a 14 layer GaAs(110) film is shown in Fig. 4(b) .
These "exact" film problems differ from ideal textbook depictions [e.g. , Fig. 2(a) ] of a film in two ways. First, the potential barriers are finite. We will therefore consider only film states that are well confined within the potential barrier, i.e. , all valence bands and conduction bands with energies at least about 2 eV below the vacuum level. Second, the potential barriers are nonabrupt. Both effects contribute to the coupling to surface states. This is undesirable in the present study which aims at testing simple, surfaceless models such as the EMA and TC.
We have minimized the coupling effects by deliberately using a non-self-consistent pseudopotential description, rather than a self-consistent one; the latter would propagate the unwanted surface effects [notably, the surface dipole potential in Fig. 4 Equations (17a) The left hand side of Fig. 6(a) shows as horizontal lines the directly calculated energy eigenvalues e" -for an N = 12 layer Si(001) film. Surface states, appearing at 1.2-1.6 eV above the VBM, are discarded &om the following discussion. The bulk bands are indexed in Fig. 6 by the band index n in increasing energy order: n = 1, 2, 3, and 4 for the four valence bands and n = 5 and 6 for the two lowest conduction bands. The TC approximation to the directly calculated levels is given [ Table I and Eq. Table III ).
The two, as can be seen in Fig. 6(a In these cases, the degenerate pairs (n, k;i) and (m, , A similar plot is shown in Fig. 9 for the sinelike n = 4, j Fig. 6(a) is understandable: the destructive interference between two running waves can generate only one state satisfying the boundary condition at z = 0 and z = L. There are, however, TC states of true energy minima also being eliminated in Fig. 6(a) . These are the (n, j) = (1, 0)[I'i"]; (3, 6) [X4"]; (4, 6) [X4"]; and (5, 5) [b,i, ] states. They are eliminated from the TC basis set (similar to the eliminatioii of the n = 1, j = 0 state in the EMA approach) because their wave functions constructed according to Eq. (12) are nodeless in the confined direction (see Fig.   11 , for example, for the two degenerate X4"TC states), and hence these states cannot satisfy the film's boundary conditions.
Figure 6(b) shows that the null projection rules also hold for the odd-layer (N = 11) Si (001) Fig. 6(a) . (a) The n = 3, j = 6 state "belongs" to the same cosine band as the n = 3, j = 1 state in Fig. 8 and is hence plotted in the (110) plane, whereas (b) the n = 4, j = 6 state "belongs" to the same sine band as the n = 4,j = 1 state in Fig. 9 and is plotted in the (110) A special case of the cosine-type envelope function is the "zero-confinement state" (ZCS). This is the k, Fig. 12(c) ]. Of course, the effective-mass model [represented by the dotted line in Fig. 12(c) derived conduction-band states in Si /Ge . z~T he oscillations shown in Fig. 10(a) and Fig. 14 are, however, in the valence band. Their amplitudes are about fivefold larger than those for superlattices. The origin of such oscillations lies in the change of the point group symmetry as the number of layers N changes from even (D2h, symmetry) to odd (D4h symmetry). In the EMA, however, the quasiperiodic potential Vz", . g;, (r) is removed (see Sec. I) so the symmetry information responsible for these oscillations is lost.
These oscillations can be analyzed in terms of the TC approach. In Figs. 8 and 9 , we showed two typical film's wave functions for a 12-layer (001) film: the bulk periodic function u t, (r) in one case (n = 3) possesses to a weak N dependence of the ZCS. This N-dependence, however, is far weaker than that expected &om conventional quantum confinement (dotted lines in Fig. 13 ).
C. Even-odd energy oscillations in (001) Blins
We have seen in Fig. 10(a) that the Si(001) film exhibits marked even-odd energy oscillations for the non-ZCS highest valence state (n = 4, j = 1). It shows that the TC approach captures closely the magnitude of these oscillations, as revealed by the direct calculations. These oscillations, as expected, are absent in the efFective-mass description, shown in Fig. 14 . Energy level oscillations were previously noted in (001) superlattices, e.g. , the L-derived and X-derived conduction-band states in (A1As) /(GaAs) (Refs. 20, 25, and 26) Fig. 4(a) Here, p = -iV' is a momentum operator, which is odd with respect to an inversion (r -+ -r) operation; its components (p, p", Ii, ) are ocld with respect to mirror reflections (x -+ -x; y -+ -y; z~-z).
It is instructive to first examine Eq. (27) Fig. 6(a) . The indexes i and f here for the initial and final states correspond to the quantum number j in Fig. 6(a) . We show results of the empty film model [ Fig. 16(a) ] and of direct calculations [ Fig. 16(b) ]. (Of course, since matrix elements between occupied valence-band states are considered here, these do not correspond to actual optical transitions. We use Fig. 16 only to discuss the nature of the dipolar p coupling. ) This figure is presented using the extended zone scheme in which the n = 2 band is part of the n = 1 band with j = 7, 8, 9, . . . , 12. We see &om Fig. 16 that~M~2 decreases as i increases or as f decreases. The agreement between the direct calculation [ Fig. 16(b) ] and the empty film model [ Fig. 16(a) ] is reasonable. In general, however, the intraband matrix elements squared depend not only on i and f but also on band indexes n and m. 
The patterns in Fig. 17 Fig. 6 as a point) generally involves two TC basis functions (see Table III ). (31) [ -] (4, 1) [+] Now, with the knowledge about matrix elements, we have a more complete picture about the deconfinement effect, i.e. , the increase and then decrease of the direct band gap, resulting from film size reduction. In addition to the discussion in Sec. IIIC, the finite size splits the direct bulk transitions (across the gap) into a direct and a pseudodirect branch, as shown in Fig. 18(a) . For large enough sizes, the pseudodirect transition energy is always larger than that of the direct transition. But when the size is reduced to nanoscale, the pseudodirect transition will have a lower transition energy. Figure 18 (b) shows schematically the evolution of (i) the direct, (ii) the strong pseudodirect (originated from bulk direct transitions), and (iii) low energy but weak pseudodirect transition (originated from the bulk indirect transition).
VI. SUMMARY
Our pseudopotential band structure calculations reveal several features of the semiconductor quantum films that are unexpected on the basis of the effective-lnass particle-in-a-box model. These include (i) nonmonotonic size dependence of the band energies with even-odd energy oscillations for the top of the valence-band states, (ii) the presence of states with cosine-type envelope functions, nonvanishing at the boundaries, and (iii) the zeroconfinement states pinned at constant energies. The presence of surface boundaries selectively enhances certain pseudodirect optical transitions by several orders of magnitude a useful feature for optical device design. We explain all these results in terms of a simple truncated crystal approach, which provides a one-to-one mapping between the eigenstates, eigenvalue spectra of a film, and those of the corresponding bulk material at a special subset of the bulk k points.
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